The physiological response of rainbow trout exposed to elevated suspended sediment concentrations downstream of two open-cut pipeline water crossings was investigated. Trout held in cages downstream of construction had increased respiration rates and shorter times till loss of equilibrium during sealed jar bioassays. Differences in blood hematocrit levels between experiments and transects is attributed to sediment concentration and particle size. Sediment exposure did not result in gill damage or fish mortality. The observed level of physiological effect was consistent with the predictions of the sediment-effects dose-response equation for salmonids.
Introduction
Dose-response relationships have been developed to help resource managers assess the potential biological effects of activities that release fine sediment into streams and rivers (Newcombe and McDonald 1991; Anderson et al. 1996; Newcombe and Jenson 1996) . For different fish community types and lifestages, Newcombe and Jensen (1996) used a metaanalysis to develop six equations from previous sediment effects studies to relate the biological response of fish (primarily behavioural and physiological) to the duration of exposure and suspended sediment concentration (TSS). Using the same approach, Anderson et al. (1996) developed a dose-response equation for relating habitat alteration and changes in productivity to the concentration and duration of the sediment exposure events. While these equations provide useful impact assessment and planning tools, the accuracy of these relationships has not been evaluated. Most studies of the direct effects (behavioural and physiological) of suspended sediment on fish have been undertaken under laboratory conditions. Additionally, reported adverse physiological effects resulted from exposure to substantially higher suspended sediment concentrations and longer time periods than short-term disturbances of regulatory concern (e.g., dredging operations and pipeline watercourse crossings) (LaSalle 1990; Reid and Anderson 1999) .
Outside of laboratory studies, little effort has been made to measure the physiological effects of TSS on fish. Most sediment-effects field studies have instead focused on measuring habitat alteration and changes in the abundance and composition of benthic invertebrate and fish communities (Waters 1995) . Downstream of placer mining operations, Reynolds et al. (1989) found caged juvenile Arctic grayling (Thymallus arcticus) suffered from gill damage, starvation, slowed maturation and greater mortality rates after chronic exposure to increased TSS. Mountain whitefish (Prosopium williamsoni) exposed to plumes of sediment-laden water downstream of dam sluicing exhibited elevated blood hematocrit levels, a higher occurrence of abnormal gills, pseudobranchs and fins, and less mesenteric fat compared to upstream samples (Bergstedt and Bergersen 1997) . During the multiple dam sluicing events (25-32 times per year), the plume extended 29 km along the Wind River, Wyoming, with mean TSS concentrations from 2.0 to 4.0 g/L. Differences between cold-and warmwater fish species may also exist. For example, Flemer et al. (1968) failed to find any difference in mortality rate or gill condition between warmwater fish placed in cages within and outside the plume created by dredging operations in Chesapeake Bay.
In this study, we measured the physiological response of caged rainbow trout (Oncorhynchus mykiss) downstream of the simulated construction of two open-cut pipeline water crossings. During open-cut crossings, no measures (e.g., dams or flumes) are applied to isolate the instream work and limit increases to downstream TSS concentrations. Indicators of effect included mortality, hematocrit and leucocrit levels in the blood, gill damage, and post-exposure oxygen consumption rates. Chosen indicators were based on sediment effects studies used to develop dose-response equations (Table A. 1 from Newcombe and Jenson 1996) . In addition to measuring the direct effects of sediment exposure, we also evaluated the suitability of dose-response equations (Newcombe and Jenson 1996) for the impact assessment of short-term instream construction activities.
Methods and Materials
Open-cut pipeline water crossing construction was simulated using a track-mounted excavator at Serviceberry Creek, Alberta (July 19 and 20, 2001) , and the Conestoga River, Ontario (October 3 and 4, 2001 ). Based on past monitoring studies of open-cut pipeline crossings of similarly sized watercourses (Reid and Anderson 1999) , the duration of instream activity in Serviceberry Creek and Conestoga River was limited to 30.7 and 28.9 hours, respectively. All work was performed from the banks with excavated spoil stored at upland locations. Along the study reach, Serviceberry Creek is torturously meandering with a sand/silt bed and is between 6.5 and 10 m wide. During the experiment, discharge was 0.46 m 3 /s with mean water velocities between 0.16 and 0.3 m/s. The Conestogo River is 20 to 30 m wide with primarily cobble and gravel bed material. Discharge was 4.8 m 3 /s with a mean water velocity of 0.9 m/s.
Water quality measurements taken prior, during and after instream activity included TSS, dissolved oxygen concentration (DO), water temperature, and pH. Measurements were taken at fish cages placed upstream and downstream of construction. Grab water samples (0.5 L) were taken at mid-water column at each transect and analyzed for turbidity (NTU) with a field turbidity meter. Site-specific TSS-turbidity relationships were developed from field NTU measurements and a subset of water samples (50 and 35 samples, respectively) representing a range of turbidities that were analyzed for TSS in the laboratory. TSS was derived from field turbidity measurements using site-specific TSS-NTU relationships. Correlation indices (r 2 values: 0.74 and 0.99) from the regression analyses indicate that field NTU measurements provide a good estimate for TSS.
Hatchery-raised rainbow trout were placed in cages (dimensions: 0.5 m × 0.75 m × 1.5 m) upstream and downstream of instream construction. Caged fish were used instead of wild fish collections to ensure adequate sample sizes and to standardize exposure conditions, fish size and historical rearing conditions. Cage frames were constructed using 3.8-cm diameter polyvinyl chloride (PVC) pipe and were lined with 1.3-cm diameter polyvinyl mesh. Fifty trout were placed in cages at each transect. At Serviceberry Creek, the mean forklength of trout was 212 mm (SE = 0.2) with a mean weight of 132 g (SE = 0.3). Rainbow trout used in the Conestoga River experiment were larger. Mean forklength was 293 mm (SE = 0.3) with a mean weight of 315 g (SE = 0.7). For mean length and weight, there were no significant differences among transects (ANOVA: p > 0.1). Cages were placed at two locations (D1 and D2) downstream of construction (Serviceberry Creek: 19 m and 40 m downstream; Conestoga River: 40 m and 100 m downstream). Cages placed upstream of construction (US) served as controls (Serviceberry Creek: 50 m upstream; Conestogo River: 60 m upstream).
Following instream activity, cages were moved to areas of lower flow. Before measurement of physiological response, trout were placed in holding tubs with well-oxygenated water kept at adjacent stream temperatures. Within 1 to 2 hours of the end of construction, 20 trout from each transect were sacrificed by blunt head trauma. Caudal peduncles were immediately severed and blood was collected using heparinized microhematocrit tubes. Microhematocrit tubes were sealed with commercial clay and centrifuged for 5 min. Hematocrit (red blood cells) and leucocrit (white blood cells) levels were measured as a percentage of total blood sampled using a microhematocrit reader.
After blood samples were taken, heads were placed into individual nalgene containers and fixed with 10% neutral buffered formalin. Before fixation, the left opercular flap was removed and gill lamellae were examined for the presence of fine sediment. Before interpretation of gill histology, four sections from the middle two-thirds of the gill arches were removed and placed in 20% formic acid to decalcify for 2 to 5 days. Tissue sections were mounted on glass slides and stained with hematoxylin and eosin. Gill sections were first examined with a light microscope at 40x magnification to determine extent of subgross (i.e., not visible to naked eye) lesions and then at higher magnification (up to 600×) to characterize lesions and more subtle alterations. A scoring system (1 to 5) based on the range of observed lesions was developed to characterize histo-pathological changes to gill tissue. A score of 1 indicated no aneurysms (localized dilation of gill lamellae by blood), while a score of 5 indicated severe aneurysms affecting 20% or more of the gill lamellae. Lamellar hyperplasia was observed in fewer than 1% of gills examined. Therefore, no scoring system was developed.
The effect of sediment exposure on the ability of the rainbow trout to withstand hypoxic conditions was evaluated using a sealed jar bioassay. Hypoxia challenge tests are useful to detect if stress factors have damaged gills or impaired oxygen and carbon dioxide diffusion rates (Wedemeyer et al. 1990 ). Individual trout were placed in sealed 1-L jars. Time until loss of equilibrium and oxygen consumption rate (mg L -1 /min) were measured for ten fish from each transect. At Serviceberry Creek, initial dissolved oxygen concentrations and temperatures during sealed jar bioassays ranged from 8.8 to 9.1 mg/L and 21.2 to 22.0°C, respectively. At Conestoga River, initial dissolved oxygen concentrations and temperatures ranged from 7.4 to 9.0 mg/L and 13.4 to 15.8°C, respectively.
Differences in physiological responses between fish held in cages upstream and downstream of the simulated pipeline water crossing were tested using one-way ANOVAs and Tukey HSD multiple comparison tests (Zar 1984) . Differences in gill tissue scores between treatments were tested using a non-parametric Kruskal-Wallis test (Zar 1984) . Effects on exposed rainbow trout were compared to predictions from the severity of effect (SEV) equation developed for juvenile and adult salmonids (Newcombe and Jenson 1996) : SEV = 1.0642 + 0.6068*ln(duration) + 0.7384*ln (TSS) (1) SEV scores were calculated using TSS (mg/L) monitoring data from upstream and downstream transects and the duration (hours) of each sediment exposure experiment. To calculate the SEV, time-weighted averages were used to reduce the effect of different time intervals between samples on the calculated average (Anderson et al. 1996) . Each TSS measurement was weighted by the duration of the sampling interval. The sum of the time-weighted TSS values was then divided by the total duration of exposure to provide a time-weighted average TSS value.
Results
Simulated open-cut crossing construction in Serviceberry Creek increased mean downstream TSS concentrations by 55 to 70 mg/L and peak concentrations by more than 1400 mg/L. Based on the size distribution of bed material and sediment trap samples (Whitlock-Vibert boxes filled with 25-mm diameter gravel), downstream trout were exposed to fine-to regular-sized sand particles (80-315 mm). Simulated crossing construction in the Conestoga River increased mean downstream TSS con-centrations by 65 mg/L and peak concentrations by more than 450 mg/L. Sediment entrained in the Conestoga River was a mixture of fine-to coarse-sized sand (80-2500 mm). Most of the entrained sand settled out of suspension within 100 m downstream of instream activity. Downstream dissolved oxygen concentrations were unaffected during both experiments. TSS concentrations measured downstream of simulated open-cut pipeline water crossings were within the range of values reported by past monitoring studies (Reid and Anderson 1999) . Table 1 summarizes water quality measurements.
At Serviceberry Creek (Table 2) At the Conestoga River (Table 3) , hematocrit levels were significantly higher at the first downstream transect than at the second transect (ANOVA: p = 0.02; Tukey HSD test: p = 0.018). Leucocrit levels at the second transect were significantly higher than upstream (ANOVA: p = 0.017; Tukey HSD: p = 0.02). The difference in leucocrit levels between the two downstream treatments was marginally non-significant (Tukey HSD: p = 0.06). Aneurysm scores showed no significant difference among treat- ments (Kruskal-Wallis: p = 0.3). During sealed jar bioassays, time until loss of equilibrium was significantly shorter for downstream trout than upstream (ANOVA: p = 0.002; Tukey HSD: p = 0.018 and p = 0.046).
Oxygen consumption of trout in cages at the first downstream transect was significantly higher than upstream (ANOVA: p < 0.001; Tukey HSD: p < 0.001).
Discussion
Damaged gills and associated lower oxygen transfer across the gills can result in increased hematocrit levels in the blood (McLeay et al. 1987) . Hematocrit levels for trout in Serviceberry Creek were within the range of normal values previously reported for salmonids (Cardwell and Smith 1971; McLeay and Gordon 1977; Barton et al. 1985; Goede and Barton 1990) . Despite exposure to lower TSS concentrations, hematocrit levels immediately downstream of instream activity in the Conestoga River were in the range associated with acute stress responses to high TSS con- centration exposure (Redding et al. 1987; Bergstedt and Bergersen 1997) . Conestoga River trout downstream of instream activity were exposed to larger sand particles than Serviceberry Creek trout. Larger sediment particle sizes have been found to reduce the threshold concentrations for physiological responses in salmonids (Servizi and Martens 1987) . Lowered leucocrit levels are an expected acute stress response to sediment exposure (McLeay et al. 1987) . Interestingly, leucocrit levels measured from upstream and downstream Serviceberry Creek trout were above normal values (1.7-2.0% versus 0.8-1.4%) (McLeay and Gordon 1977; Goede and Barton 1990; Bergstedt and Bergersen 1997) . Elevated leucocrit levels may be indicative of a bacterial infection (Wedemeyer et al. 1990 ). However, no tests were performed to test this hypothesis.
For both experiments, mean times to death and oxygen consumption rates of downstream rainbow trout during sealed jar bioassays were different from upstream controls. These results indicate that sediment exposure impaired the short-term capacity of rainbow trout to withstand hypoxic conditions. At Serviceberry Creek, both upstream and downstream trout were exposed to similar mean TSS concentration (in excess of 220 mg/L). However, during sealed jar bioassays, downstream trout had significantly higher oxygen consumption rates and shorter times till loss of equilibrium than upstream fish. The difference in physiological response may better reflect exposure to higher peak TSS concentrations (>1600 versus 285 mg/L) than mean concentration.
Responses measured were consistent with the level of effect (increased respiration and short-term changes to blood parameters) predicted by the juvenile and adult salmonid dose-response equation (Serviceberry Creek SEV: 7.1-7.3; Conestoga River SEV: 5.0-6.6). This result supports the use of dose-response equations for the assessment of short-term instream disturbances such as pipeline water crossings. The observed level of effect was reflective of the relatively short duration of exposure and comparatively low TSS concentrations. Past laboratory studies reporting more severe physiological effects were typically of 96 h in duration with substantially higher TSS concentrations, ranging from 2 to 40 g/L (Lake and Hinch 1999; Redding et al. 1987; Newcombe and Jensen 1996) . Similarly, physiological damage to salmonids reported downstream of placer mining and dam sluicing operations was the result of longer exposure and much higher TSS concentrations than that measured during this study (Reynolds et al. 1989; Bergstedt and Bergersen 1997) . While acute exposures to much higher TSS concentrations and chronic exposures of much longer duration have resulted in mortality and reduced growth rates, respectively, the long-term impacts of the level of exposure investigated during this study are not known. the GRI Technical Advisory Group. T. Bollinger of the Canadian Cooperative Wildlife Health Centre (Saskatoon, Saskatchewan) interpreted gill tissue samples. L. Gummer assisted in the fieldwork. Earlier versions of the manuscript were improved by comments from G. Balch and two anonymous reviewers. The Grand River Conservation Authority and the Federal Department of Fisheries and Oceans provided logistical support for the Conestoga River experiment.
